Abstract
(1). Subsequently, the space in the desiccator was evacuated by a vacuum pump for 24 hours in order 144 to remove air from the rock samples. After the saturation process, the rock sample was confined 145 within a heat-shrink tube. Once the core was jacketed, it was placed inside a pressure cell.
146
Subsequently, axial pressure was prescribed by disc springs and controlled well by a load cell (1) and (2)). Note that it was confirmed that the 158 byproducts was completely flushed out by the water injection. Subsequently, the above process 159 was repeated as long as the grout injection could be complete within 15 minutes. Therefore, if the 160 injection was not complete within the time, the injected grout was quickly flushed by de-ionized water to avoid non-uniform precipitation within the rock samples. 
Petrographic and microstructural observations

168
The mineralogical alteration in the samples before and after the grout injections were 169 analyzed using XRD to identify the kinds of the precipitated minerals. The rock samples for the 170 XRD analyses were ground to obtain the powder samples. The ground particles were rinsed by methanol for several times to remove the dusts remaining on the surfaces. Then, the particle 172 samples were observed by XRD to identify the minerals and to examine the difference between 173 the samples before and after the grout injections.
174
The microstructures of the rock samples were analyzed by an optical microscope to the samples before and after the grout injections were also observed by mercury porosimetry.
180
Because the distributions may change due to the precipitation, the analysis results may be 181 congruent with the microscope observations.
182
Another concern arising from the grout injections is whether a uniform distribution of the 183 precipitation within the rock samples could be achieved. It is important to obtain the uniformity to 184 examine the evolution of the mechanical and the hydraulic properties in the treated samples. If check the distribution of the precipitated minerals, a treated sample was cored by a core drill and then, the core was cut by a saw to three pieces (Fig. 4) . By evaluating the amount of the 190 precipitation for the treated sample before cored, the three inner cores, and the cored outer sample,
191
the precipitation distribution within the sample can be clarified.
192
As an index of evaluating the amount of precipitation within the samples, the pore 193 occupation ratio, R p , was defined by, 
where  is the porosity of the sample (-),  g is the grain density of the Berea sandstone (= 2700 kg 
Mechanical experiments
209
The P-wave velocity of the rock samples before and after the grout injections was measured 210 by a device. Prior to each measurement, the samples were completely dried within an oven at 211 60 °C for 8 hours. The velocity was measured three times for each measurement to avoid the 212 observation errors.
213
The uniaxial compression experiments were also conducted to obtain the elastic modulus and 214 the uniaxial compression strength (UCS) of the rock samples before and after the grout injections.
215
Two pieces of the two-axle strain gauges were pasted on the surface of the samples to measure the post-injection sample, and any other new peaks are not observed (Fig. 2b) . Therefore, the approximately or more than 100 m (Fig. 6a) , lie onto the sand particles, and these should be The pore size distribution of the samples before and after the calcite precipitation was 260 analyzed by the mercury porosimetry (Fig. 7) . Subtracting the frequency of the post-injection The distribution of the calcite precipitation within the sample was evaluated by following the procedure described in section 2.3 (see Fig. 4 ). The porosity, the pore occupation ratio, and 279 P-wave velocity were obtained for the three inner cores and the cored outer sample, supplemented 280 with the measurements for the whole core before cored ( Table 2) . The obtained porosity, pore 281 occupation ratio, and P-wave velocity are relatively compatible among all of the measured 282 samples, although the pore occupation ratio of the top core is slightly lower than the others.
283
Consequently, it can be judged that relatively uniform distribution of the calcite precipitation was 284 achieved and the grouting method adopted in this work was reliable. 
Evolution in mechanical properties
289
The P-wave velocity was measured for the pre-and post-injection samples. The measured 290 velocity for the post-injection samples was normalized by that measured before the injections (Fig.   291   8a) . A linear relation between the pore occupation ratio (see Eq. (4)) and the normalized P-wave velocity was clearly obtained. The obtained relation shows that the P-wave velocity increases by 293 ~50 % when the pore occupation ratio reaches 0.10, which should exert a favorable influence on 294 the integrity of the CO 2 -injected reservoir against seismic motions. Using the measured P-wave 295 velocity, the dynamic elastic modulus can be evaluated by (Jaeger et al., 2007) ,
where E D is the dynamic elastic modulus (Pa), V p is the P-wave velocity (m s -1
), and  D is the 298 dynamic Poisson's ratio (-). As the S-wave velocity was not measured in this work, not only the 299 dynamic Poisson's ratio but also the dynamic elastic modulus cannot be directly evaluated.
300
However, the change of the modulus, which is the evolved modulus normalized by the initial 301 modulus of the pre-injection samples, may be able to be estimated by assuming the dynamic
302
Poisson's ratio and the dry density to be constant throughout the calcite precipitation, which can 303 be expressed as,
305 where E D0 is the initial dynamic elastic modulus (Pa) and V p0 is the initial P-wave velocity (m s shown in Fig. 8b . Similar to the measurements of the P-wave velocity (Fig. 8a) , it linearly 308 increases with the increase of the pore occupation ratio and augments twofold when the pore occupation ratio reaches 0.10. The uniaxial compression experiments were also conducted to examine the change of the elucidate the evolution of the static elastic modulus and the UCS (Fig. 9) . Both of the elastic 319 modulus, E s50 , and the UCS increase linearly with the increase of the pore occupation ratio, and 
Evolution in permeability 331
The permeability experiments were conducted to examine the change of the permeability 332 induced by the calcite precipitation. The obtained permeability shows a decrease tendency with 333 the increase of the pore occupation ratio (Fig. 10a) , but the tendency is ambiguous because of the 334 scattered data. Therefore, the measured permeability was initialized by the initial permeability 335 obtained before the grout injections (Fig. 10b) . The normalization process made the decrease 336 tendency much clearer. The normalized permeability monotonically decreases with the increase of 337 the pore occupation ratio. Specifically, an abrupt decrease is observed after roughly 7 % -the 338 permeability at the occupation ratio of 9 % decrease by one order of magnitude. The reduction is due to narrowing or clogging of the flow path by the calcite precipitation, which should also be 340 favorable to the confinement of the injected CO 2 in reservoirs. 
Discussion
348
We have observed interesting results in the evolution of the mechanical and the hydraulic where K eff is the effective bulk modulus (Pa), n is the average number of contacts per grain (n = 9
357
(Dvorkin and Nur (1996))),  c is the density of the cement material, which is calcite in this work 358 (= 2710 kg m -3 ), and S n is the fitting parameter (-). S n is expressed as (Dvorkin and Nur (1996) ), 
where Schemes 1 and 2 are defined as the cases where all cement is deposited at grain contacts 373 and where cement is deposited evenly on the grain surface (Fig. 11) . All the parameter values 374 used to estimate the P-wave velocity are summarized in Table 3 . The model predictions of the 375 relation between the porosity and the P-wave velocity obtained by assuming the Scheme 1 or 2 376 are shown together with the experimental measurements (Fig. 12a) , and those of the relation 377 between the pore occupation ratio and the P-wave velocity are depicted in Fig. 12b . Note that the 378 pore occupation ratio can be evaluated directly by the porosity, as,
As is apparent, the measurements are followed by the model of the Scheme 2 in the early stage at 381 smaller calcite precipitation, and subsequently, those are followed by the Scheme 1. Therefore, the 382 pore occupation process is thought to be that the calcite precipitation firstly occurs on the 383 free-surface of the grains and that on the grain contacts dominate over the free-surface 384 precipitation. Table 3 . Parameters in Eqs. (10)-(17) used to predict P-wave velocity. Secondly, to examine the mechanisms of the change in permeability, the experimental 398 measurements were predicted by the Kozeny-Carman equation (Bear, 1972) , as,
where S v is the specific surface are (m 2 m -3 ). Eq. (19) can be rearranged with respect to the pore 401 occupation ratio using Eq. (18), as,
Therefore, the permeability normalized by the initial permeability can be obtained as,
where k 0 is the initial permeability (m 2 ), and S v0 is the initial specific surface area (m 2 m -3 ). When 
where a is the constant (-). When the parameter a is zero, the specific surface area never changes 412 from its initial value even if the calcite precipitation occurs. In contrast, when it is the positive or 413 negative value, the specific surface area increases or decreases with the increase of the pore 414 occupation ratio, respectively. As the calcite precipitation proceeds, the grain surface should be rougher, which is supported by Fig. 6 , and the specific surface area should increase accordingly. to 20 (Fig. 13) . This indicates that the specific surface area may increase by 1.5 -3 times as the 420 pore occupation ratio reaches 0.10. Therefore, to achieve reliable predictions of the permeability 421 change induced by the mineral trapping (i.e., carbonate precipitation), the change of the specific 422 surface area should also be estimated with a certain level of precision in advance. between measurements and predictions.
Conclusions
429
In this work, the evolution of the mechanical and the hydraulic properties were quantitatively 430 examined by simulating the mineral trapping, which was achieved by the artificially-enhanced 431 calcite precipitation using the EMCP technique. Before examining the change of those properties,
432
uniform distribution of the calcite precipitation within the rock samples was confirmed by the
433
XRD analyses, the optical microscope observations, the mercury porosimetry, and the direct 434 measurements of the calcite amount.
435
Both of the estimated, normalized dynamic elastic modulus and the measured, static elastic 436 modulus, and the UCS increased twofold and by ~20 % as the pore occupation ratio attained 0.10,
437
respectively. The normalized permeability decreased by one order of magnitude at it reached 0.10.
438
From the measurements of the mechanical and the permeability experiments, we understood that 439 occupying the fraction of the pore spaces dramatically exerts favorable influences on the integrity 440 of the CO 2 -injected reservoir.
441
A cementation theory proposed by Dvorkin and Nur (1996) 
